Abstract. Osteoporosis (OP) is a common serious skeletal disorder marked by increased risk of bone fracture due to fragility. OP has been taken to be a disease linked with abnormal calcium metabolism that alone is obviously insufficient to explain the development of OP. Iron overload has been associated with the development of OP and increasing studies have suggested the association. However, direct evidence for this has not been clinically established. To this end, using the Roche biochemical autoanalyzer, we detected the concentration of iron, soluble transferrin receptor 2 (TFR2), and hepcidin, a key peptide regulating iron homeostasis, in the sera from patients with OP. It was shown that the iron and TFR2 concentration was markedly higher than that of healthy control; whereas the concentration of hepcidin was markedly lower than that in control. In addition, to pilot explore the underlying mechanism by which hepcidin was downregulated, we present that hepcidin can directly interact with TFR2 using immunoprecipitation. The present study first established the direct biochemical evidence for the involvement of hepcidin in the pathogenesis of OP, indicating that the upregulation of hepcidin could be used as a novel alternative therapeutic strategy in the management of OP.
Introduction
Osteoporosis (OP) is a common but serious skeletal disorder where increased bone weakness increases the risk of broken bone, especially for the older patients. OP is a major public health problem, and a serious economical burden for the patients (1) . Although little is known about how OP develops, numerous factors (2), including sex, genetics, age, hormones and diet, have been identified as being involved in the development of OP or identified to be able to increase the likelihood of OP.
OP has been considered to be a disease associated with abnormal calcium metabolism. Several lines of evidence supported the hypothesis (3, 4) . Nonetheless, a growing number of clinical observations strongly suggest the association of iron overload with bone diseases, particularly with osteoporosis (5,6). Therefore, elevated iron level has been suggested to be implicated in and has been linked to the risk factor of OP. Actually, the first clinical observation was made by Sinigaglia and colleagues (7) in patients with OP in the setting of genetic hemochromatosis. Although the observation was obviously somewhat compounded by the linkage between iron concentration and hemochromatosis in OP, it was supported by further clinical investigations reporting the association between iron overload and bone disorders, including osteomalacia (8) , osteoporosis (9), altered microarchitecture (10) and bone fractures (11) . Despite this, no direct clinical evidence has been established until now regarding the concentration of hepcidin, a key regulator in homeostasis of iron, as well as the iron concentration in the peripheral sera of patients with OP.
Hepcidin, also LEAP-1 (12), HEPC (13) or HAMP (14) , was originally discovered to be involved in the maintenance of iron homeostasis, which is necessary for the regulation of iron storage and iron absorption (15) . Any mutation in this gene was found to be able to cause hemochromatosis (16) . Hepcidin has been suggested to have anti-osteoporosis effects by preventing iron overload (17) , suggesting that the level of hepcidin seems to be inversed with level of iron accumulation. Sun et al (18) confirmed the in vivo use of a transgenic mouse model. In addition, the relevant studies performed concerning hepcidin in osteoporosis were either from in vitro cell culture system or in vivo animal models. Clinical status of hepcidin remains to be investigated in patients with OP.
In order to understand the status of hepcidin, soluble TFR2 as well as the iron concentration in the sera of patients with OP, we detected the concentration of hepcidin, soluble TFR2 and iron in sera based on biochemical autoanalyzer (Cobas 8000; Roche Diagnostics, Indianapolis, IN, USA). It was demonstrated that iron concentration and soluble TFR2 were significantly higher in the sera of patients with OP than that of healthy control and that concentration of hepcidin was pronouncedly lower in OP than that in control. To further explore the biochemical role of hepcidin, we showed that hepcidin can interact with TFR2 using immunoprecipitation method.
The present study is the first to establish the direct clinical evidence for hepcidin and iron overload in OP, suggesting that upregulation of hepcidin could be used as an alternative therapeutic strategy in the management of OP.
Materials and methods
Clinical serum samples. The present study was approved by the Medical Ethics Committee of Qilu Hospital of Shandong University (Qingdao, China). Written informed consent was obtained from each participant involved in the study. Forty serum samples from patients with OP were collected from the Department of Nuclear Medicine, The Affiliated Hospital of Qingdao University. As healthy control, 40 serum samples were collected from the Department of Laboratory Medicine, Qilu Hospital of Shandong University (Qingdao).
Biochemical analysis of hepcidin and iron in sera.
The concentration of iron in sera from OP group and healthy control group was measured by Cobas 8000 model Roche autoanalyser (Cobas 8000; Roche Diagnostics ). Given that the preproprotein of hepcidin was post-translationally cleaved into mature peptides of 20, 22 and 25 amino acids, here we focused only on hepcidin 25. Serum hepcidin 25 (bioactive) was measured by enzyme-linked immunosorbent assay (ELISA) (cat. no. EIA-5782; DRG International, Inc., Springfield Township, NJ, USA). In a similar way, soluble TFR2 was also measured using ELISA kit (cat. no. E-EL-H2346; Biofavor Biotech, Inc., Wuhan, China).
293T cell culture and transfection constructs. 293T cells were maintained at 37˚C in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 100 U/ml penicillin and 100 µg/ml streptomycin (Gibco, Carlsbad, CA, USA). Cells were transiently transfected with plasmid DNA by Lipofectamine 2000 (Invitrogen), unless otherwise specified. For Lipofectamine transfection, cells were transfected with 2-8 µg plasmid DNA in Opti-MEM I reduced serum media (Invitrogen, Carlsbad, CA, USA) containing Lipofectamine 2000 at a ratio of 1 µg DNA to 2 µl Lipofectamine for 5 h before replacing the media with DMEM. Cells were allowed to incubate for ~24 h before being harvested. The expression plasmids used are described below: Eukaryotic expression vector harboring human transferrin receptor 2 (TFR2) gene tagged with Myc-DDK (cat. no. RC220060; and the vector harboring human hepcidin gene tagged with GFP (cat. no. RG204620 were commercially available from Origene Technologies, Inc., Rockville, MD, USA).
Immunoprecipitation (IP).
The two vectors were co-transfected into HEK293T cells, followed by collection with SDS protein lysis buffer. The lysates were centrifuged at 12,000 x g for 10 min at 4˚C and the resulting supernatant diluted 5-fold with IP buffer (50 nM Tris-HCI, pH 7.5, 150 nM NaCl, 2 mM EDTA, 1% NP-40 and 10 mM N-ethylmaleimide).
The lysates were pre-cleared by incubating with rabbit sera for 30 min followed by incubation with protein A-Sepharose beads (GE Healthcare) for 1 h. The lysates were recovered by centrifugation at 12,000 x g for 10 min at 4˚C after which the supernatant was moved to a fresh tube. The supernatant was incubated with 10 µl of rabbit monoantibody to hepcidin for 1.5 h followed by protein A-Sepharose beads for another 1.5 h. The incubation was performed at 4˚C with gentle rotation. The beads were recovered by centrifugation and washed 4 times with IP buffer. The proteins were eluted from the beads by incubation with sample loading buffer at 37˚C for 10 min. Equal volumes of supernatant were separated on SDS-PAGE and the precipitated proteins detected by immunoblotting (IB). Rabbit mono-antibodies to human hepcidin (cat. no. ab187778), TFR2 (cat. no. ab185550) and IgG (cat. no. ab218427) were all obtained commercially from Abcam (Cambridge, MA, USA).
Statistical analysis. Statistical analyses were carried out using SPSS 17.0 version (SPSS, Inc., Chicago, IL, USA). Continuous variables are expressed as the mean ± standard error of mean (SEM). Normality of the distribution was assessed with the Kolmogorov-Smirnov test. The differences between groups in terms of numerical variables were examined using the independent sample t-test or the Mann-Whitney U test, according to the provided condition of parametric or non-parametric distribution. Pearson's correlation analysis was performed to evaluate the relationship between numeric variables. P<0.05 was considered to be statistically significant.
Results
Baseline characteristics. Baseline characteristics of the patient and control groups are shown in Table I . There were no differences in age, sex and BMI between the two groups. Nevertheless, there was a significant difference of iron, hepcidin and TFR2 concentration between the two groups. Iron concentration was presented to be markedly higher in the sera of OP group (18.57±3.36 µM/ml) than that of healthy control group (9.34±3.15 µM/ml), as exemplified by Roche biochemical autoanalyzer. Similarly, the concentration of soluble TFR2 was also significantly elevated in OP (19.31±3.41 ng/ml) than that (8.70±3.26 ng/ml) in healthy control. By contrast, the concentration of hepcidin was shown to be remarkably lower in sera of OP (11.48±4.12 ng/ml) than that (29.88±4.23 ng/ml) of healthy control. To observe whether there was a significant correlation between soluble TRF2 and hepcidin, Pearson's correlation analysis was performed. It indicated that there was a significant negative correlation between soluble TRF2 vs. hepcidin (Table II) .
Hepcidin can interplay with TFR2.
Having identified a significant correlation between soluble TRF2 and hepcidin, we determined whether there is a direct interaction between hepcidin and TFR2. To approach the problem, we conducted the IP in vivo. To ensure that our IP contained only hepcidin and TFR2 proteins and were devoid of its associated proteins, the IP was carried out in the presence of SDS to break up any potential protein complex. As shown in Fig. 1A , the specific monoantibody to TFR2 immunoprecipitated the TFR2 and hepcidin proteins successfully. The specificity of the IP was evident from the failure of the pre-immune IgG to immunnoprecipitate the hepcidin protein. The signal of the bands was actually faint, at least not as significant as the brightness of IgG, which was used as control. For further verification, the Co-IP was performed in vitro using co-transfection of eukaryotic expression vectors of hepcidin and TFR2 into 293T cells (Fig. 1B) . As expected, in vitro Co-IP result confirmed that hepcidin can interplay with TFR2, with the signal of band being strong. The results demonstrated that hepcidin can interplay with TFR2.
Discussion
To the best of our knowledge, this is the first study on hepcidin and TFR2 expression in sera of OP. Hepcidin was significantly reduced in the sera of patients with OP compared with healthy controls, whereas the iron concentration and soluble TFR2 was pronouncedly elevated in the sera of osteoporosis relative to healthy control. We also report that hepcidin can interplay with TFR2 in a protein-protein interaction fashion. These results present the biochemical profiles of hepcidin and TFR2 expression in sera of OP, which may account for the clinical phenotype that elevated iron concentration was observed in the sera of patients with OP.
Hepcidin is a protein that in humans is encoded by the HAMP gene, which is a key regulator of the entry of iron into the circulation in mammals (15) . Hepcidin inhibits iron transport by binding to the iron export channel ferroportin that is located on the basolateral surface of gut enterocytes and the plasma membrane of reticuloendothelial cells (19, 20) . The first direct experimental evidence establishing the linkage between hepcidin and OP came from the study performed by Xu and colleagues (17) reporting that hepcidin was shown to be significantly capable of increasing intracellular calcium concentration in osteoblast cell line hFOB1.19. The study, albeit carried out in an in vitro cell culture system, sheds new light into the crucial role of iron homeostasis in bone metabolism (5) . Abnormal calcium metabolism has been traditionally taken to be associated with the development of OP (5). Nevertheless, only abnormal calcium metabolism itself was obviously not sufficient to account for the pathogenesis of OP. Given this, imbalance of iron may be an alternative hypothesis explaining the etiology of OP. The present study, therefore, was important in disclosing the imbalance of iron in OP. We demonstrated using ELISA that hepcidin was markedly lower in the sera of OP than that of healthy control, which was basically in line with observations made by Sun et al (18) . Using a murine model where the hepcidin gene was double knocked out the study by Sun et al (18) identified that, hepcidin deficiency resulted in a marked reduction of bone load-bearing ability, indicating a link between hepcidin deficiency and bone loss. Considering the biochemical role of hepcidin (20) , reduced level of hepcidin can lead to the accumulation of iron, as we observed by Roche biochemical autoanalyzer, which was supported by earlier several lines of evidence (9, 21) . However, the manner of hepcidin down-regulation in OP remains unknown and deserves further investigation. It has been well-established that hepcidin inhibited iron transport through binding to ferroportin (19, 20) . However, the interaction between hepcidin and transferrin receptor 2 (TFR2) remains to be elucidated as no direct evidence has been established concerning the interaction between hepcidin and TFR2, although association studies have suggested that there was a negative correlation between them in the context of anemia (22) and in children with vegetarian diet (23) . In the present study, we showed using ELISA approach that soluble TFR2 was also significantly higher in the sera of OP than that of healthy controls. In the case of concentration trend of hepcidin and TFR2 in sera, our observation was in total agreement with previous reports performed in the setting of anemia (22) and vegetarian (23) . In addition, we have shown for the first time, to the best of our knowledge, that hepcidin can directly interact with TFR2, which could explain the reason for hepcidin being detected to be lower in sera of OP relative to healthy control.
There were some limitations that deserve to be noted. Firstly, our conclusion was established on the limited number of sample that requires to be further confirmed in larger sample size. Secondly, direct extrapolation of our conclusion from the study should be approached with caution in that, a higher concentration of iron detected in serum relative to normal range or control does not necessarily mean the onset of OP. It may also be associated with anemia and hemochromatosis, therefore a high concentration of iron in sera seems to be sufficiently necessary but insufficient condition to the judgment of onset of OP. Thirdly, hepcidin has been shown to be able to increase the intracellular calcium (17) , the calcium concentration should have been detected.
In conclusion, the present study supports the role of hepcidin in the development of OP, suggesting that upregulation of hepcidin could be used as a novel alternative therapeutic strategy in the management of OP.
